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- ABSTRACT

Zirconium carbide- (ZrC) and hafnium carbide (HfC) powders were produced by the carbothermal
reduction reaction of carbon and the corresponding metal oxide (ZrO, and HfO,, respectively). Solution-
based processing was used to achieve a fine-scale (i.e., nanometer-level) mixing of the reactaﬁts. The
reactions were substantially completed at relatively Tow temperatures (< 1500°C) and the resulting
products had small average ?:rys_té.llite sizes (~50-130 nm). Dry-pressed compacts prepared using ZrC-
based powders with ~100 nm crystallite size could be pressurelessly sintered to ~99% relative density
and zero open porosity at 1950°C.

Silicon carbide (SiC) powders with crystallite size <25 nm were prepared at low temperature
(<1300°C) by carbothermal reduction reactions in silica/carbon mixtures. Sdlutioh—based processing was
again used to achieve fine-scale mixing of the reactants. Mechanistic studies indicated that the SiC formed in
accordance with the "shrinking core" reaction model in which the rate was controlled by the reaction of

silicon monoxide vapor at carbon surfaces.
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1.0 EXECUTIVE SUMMARY

This project focused primarily on the synthesis and structural evolution of nanocrystalline
zirconium carbide (ZrC), hafnium carbide (HfC), and silicon carbide (SiC) powders. Thes¢ refractory
‘carbide materials are of interest for ultrahigh temperature ‘applications- requiring imprbved
thermomechanical and thermochemical stability; such as for compohents used in heat engines and in
thermal protection systems for advanced aerospace applications.

The powders synthesized in this study were produced by carbothermal reduétion (CTR) using
fme-scéle carbon/metal oxide mixtures as starting hateﬁﬂs. The reactant mixtures were prepared by
pyfolytic decomposition of solution-derived precursors. .The spgciﬁé elements of this project included the ‘
following: (i) development of solution-based 'synthesis methods for preparation of the reactant mixtures,
(ii) investigation of the effects of selected solution—ﬁrocessing variables and subsequent heat treatment
conditions on the synthesized carbide powder characteristics, (iii) characterization of the reaction products
using techniqués such as X-ray diffraction, thermal analysis, gas adsorptibn, electron microscopy, etc.,
aﬁd (iv) preliminary investigation of the sinterability of synthesized carbide powders. |

The solution-based synthesis methods involved sfeps the following processing steps: synthesis
and/or modification of soluble metal-organic compounds, mixing of the soluble precursors, carrying out
cohtrolled hydrolysis/condensation reactions, and removing solvent from processed solutions. .Solution-
processing variables investigated included the type and concentrations of starting materials, conditions
used to modify the metal-organic compounds (e.g., concentration of modifying compound, processing
temperature, etc.), and concentrations of water and acid used during hydrolysis/éondensation reéctions.
Processing variables investigated during subéequent heét treatments steps (i.e., pyrolytic decomposition of
dried precursors and CTR of reactant mixtures) included temperature, time, and gas flow conditions. The
resulting carbide powders were characterized to determine characteristics such as particle/aggregate size,

specific surface area, phases present, chemical composition, lattice parameter, etc.




Detailed studies of phase development during the CTR formation of ZrC and HfC were carried
oﬁt using pyrolyzed powder with carbon/metal oxide ratios ~3.1. The pyrolyzed povlvders consisted of
fine-scale mixtures of the tetragonal-phase of the metal oxide (zirconium oxide or hafnium oxide) and
amorphous carbon. The initial formation of the metal carbide (ZrC or HfC) was clearly evident after heat
treatment at 1200°C and the reaction was substantially completed after heat treatments in the range of
' ~1400-1500°C. HfC and ZrC powders produced at 1475°C had crystallite sizes were ~50 nm and
~100-130 nm, respectively. ZrC powders with ~100 nm crystallite sizes were dry-pressed to form
powder compacts with ~44% relative density. Compacts which were sintefed (without any external
applied pressure) at 1900°C and 1950°C had relative densities of ~98% and ~99%, respectively, and
ZETO Open porosity. |

In the SiC study, the CTR ‘mechanism was investigated by analyzing condensates of volatile
species genefated during the reaction, determining isothermal reaction kinetics in mixtures with initial
C/Si molar ratios of 2.4 and 4.6, and characterizing the product structural evolution throughéut the
;eaction. The ;esults indicated that the CTR reactioh was a multi-step process that involved silicon
monoxid¢ (Si0) as a reaction interrﬁediate. The reaction kinetics showed an excellent fit to the
"shrinking-core” model in which an interfacial reaction was the rate-controlling step. The available
evidence indiéated that the reaction between SiO vapor and carbon (at carbon surfaces) was the rate-
controlling step.  Using a reactant mixture with C/Si molar ratio of 2.4, it was possible to prepare a
product which was mostly converted to B-SiC with average crystallite size <25 nm after CTR heat
treatment at 1300°C for 16 h.

This report includes the following sections: introductory background information on processing
of ZrC, HfC, and SiC (section 2.0); research approach and experimental methods utilized in this study
(section 3.0); results and discussion (section 4.0); conclusions (section 5.0); references (secﬁon 6.0).
In addition, a complete list of the publications resulting from this project is provided in the Appendixl

(section 7.0). More detailed information concerning the research approach, experimental methods used,
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data collected, and analysis and discuésion of results for this project are given in the following graduate
student theses which were completed through the support provided by this project: (1) Anubhav Jain,
"Synthesis and Processing of Nanocrystalline Zirconium Carbide Formed by Carbothermal Reduction,"
M.S. Thesis, Georgia Institute of Technology, August 2004. (2) Zhe Cheng, "Reaction Kinetics and
Structural Evolution for the Formation of Nanocrystalline SiC via Carbothermal Reduction,” M.S.

Thesis, Georgia Institute of Technology, December 2004.




2.0 INTRODUCTION

2.1 Zirconium Cafbide (ZrC) and Hafnium Carbide (HfC)

Zirconium carbide (ZrC) and hafnium cérbide (HfC) are of interest fdr ultrahigh temperature
applications because of their high melting points (>~ 3550°C and ~3900°C, respectively), solid-state
phase stability, and good thermomechanical and thermochemical properties.[1-5] Other desirable
propertiés of ZrC and HfC include high hardness and wear resistance, high emissivity, and high current
capacity at elevated temperatures. Hence, these carbides are promising materials for cutting tools,
thermophotovoltaic radiators, and field emitter tips and arrays.[1,2,6,7] In addition, ZrC is useful as a
» ﬁu,clear reactor core material because of its low neutron cross-section.[8]

ZrC and HfC are usually synthesized by reacting powder mixtures of' carbon and the
corresponding metal (Hf, Zr), metal hydride (ZrH,, HfH,), or metal oxide (Zr0,, HfO,).11,2,5,6,9-13] In
most cases, high temperatures are required for the carbide-forming reactions because the powders are
mixed together on a relatively coarse scale (e.g., micrometer-scale). This also leads t;) metal carbide
products with relatively large particle sizes. Hence, hot pressing is usually necessary to produce bulk
objects with high relative densities.

Recent studies have shown that ZrC and HfC can be synthesized at lower temperatures by using
precursors that have been prepared by solution-based processing methods.[14-18] Sham et al. synthesized
ZC po;wvders using mixed solutions of zirconium n-propoxide (as a zifconia source) and either ethylene .
glycol or 1,4 benzénedi_ol (as a carbon source).[14] Preiss et al. used chelated derivatives of zirconium n-
propoxide and various soluble carbon-bearing compounds (including those used by Sham et al.) to form
ZrC fibers, films, and powders.[15] Hasegawa et al. used mixtures of zirconium 2,4,-penMnedi§nate and
phenolié resins to produce ZrC fibers Awithbdiameter» >60 um.[16] Hu et al. used the same miktures tb
produce nanocrystalline ZrC powders and fibers with ~20 bpm diameter.[17] Kurokawa et al. produced

large-diameter (=50 pm) ZrC and HfC fibers by using solutions containing cellulose acetate and metal



alkoxides (zirconium n-butoxide and hafnium isopropoxidé) as the precursors for the carbon and metal

oxides, respectively.[18] The aforementioned studies all showed (via X-ray diffraction analyses) that ZrC’
or HfC phases can be formed at relatively low temperatures compared to conventional methods.

However, very little information on the densification behavior of these materials was presented and it was

ot reported if bulk samples could be fabricated by pressureless sintering.

In the present study, ZrC- and HfC-based precursors with a range of carbon/mc;tal oxide ratios
were prepared from chelated derivatives of metal alkoxides by varying the hydroiysis conditions and by
adding soluble secondary "carbon sources” (i.e., glycerol and phenolic resin) during solution-based
synthesis. The solution—de.rived precursors were given heat treatments (pyrolysis and carbothermal
reduction) to produce nanocrystalline ZrC and HfC powders. Pressureless sintering of the ZrC pbwder

was investigated.

2.2 Silicon Carbide (SiC)

The primary industrial method for manufacturing silicon carbide (SiC), the Acheson proce_ssA,
- involves the carbothermal reduction reaction of silica and carbon using coarse mixturés prepared from
relatively inexpensive ra§v materials (i.e., sand and coke). The process requires high temperature
(>2200°C) for extensive reaction to occur and the resulting SiC rﬁust undergo various grinding and
purification steps to produce powders that are suitable for technical ceramics.[19] Henée, many methods
have been developed to prepare SiC by using starting materials that allow for a finer scale of mixing of
the silica and carbon reactants in cdmpérison to the conventional industrial process.[20-27] Solution-based |
processing routes are particularly useful in this regard and such methods have been used successfully to
prepare fine-grained SiC powders at much lower processing temperatures.[24-27] However, there are
felatively few studies with solution-processed materials that have been direg:ted toward understanding the
mechanisms of the carbothermal reduction reaption.

In the present study, nanocrystalline SiC was prepared using solution-based processing in which




tetraéthoxysilane (TEOS) was the silica-bearing precursor and phenol-formaldehyde resin was the carbon-
. bearing precursor. The carbothermal reduction reaction kinetics and structural evolution of the reaction

product were investigated using two different carbon/silica ratios.



3.0 EXPERIMENTAL PROCEDURES

3.1 Zirconium Carbide (ZrC) and Hafnium Carbide (HfC)

3.1.1 General Methodology

The processing steps used to produce ZrC and HfC are initially described below in ;t)roader terms
“in order to provide the rationale for the. synthesis methodology. This is followed by the specific
experimental details used in the synthesis and characterization of each individual metal carbide.

The synthesis approaéh is illustrated via the ﬂpw chart in Fig. 1. A metal alkoxide, either self-
synthesized or obtained from a commerical vendor, was used as an alcohol-soluble precursor for the
formation of the metal oxide reactant needed for the carbothermal reduction reaction. The 'metal alkoxide
is refluxed with 2,4 pentanedione (also known as acetylacetone and often referred to as "acacH") in order
to partially or fully convert the metal alkoxy groups to a chelated metal diketonate structure (i.e., a metal
pentanedionate, or "metal acac,” in this case). (The extent of replacement depends on factors such as the
reflux time/temperature schedu]e, "acacH"/metal alkoxide ratio, and solvent concentration.) The primary
reason for carrying out the replacement' reaction is to produce a soluble metal-organic precursor that
allows for greater control over the hydrolysis and condensation reactions that are carried out in a
subsequent processing step. In 'general, metal alkoxides undergo more rapid hydrolysis/condensation
reactions than the corresponding metal diketonates and this may result in uncontrolled precipitation of .
4re1atively large precursor particles. The replacement reaction also allows for more control over the
carbon/metal oxide ratio in the pyrolyzed powders that are subsequently produced (and used for ﬂle
carbothermal reduction reactions). For example, pyrolyzed materials with higher carbon contents can be
obtained by using precursors with a higher degree of replacement of the alkoxide groups. The flow chart
~in Fig. 1 also shows that another method for increasing the carbon/métal oxide ratio in the pyrolyzed
product is to combine the metal-organic precursor with a soluble carbon-bearing source in a mutually

compatible solvent. This can be done prior to or after the "acacH" refluxing step.




Metal Carbide Synthesis

-----------------------------------------------

. i Carbon Source
Metal Alkoxide (Phenolic Resin, Glycerol)
ACAC-MOdified e vrnnnnsasunnne?
Metal Alkoxide

Solvent Evaporation/Drying

Pyrolysis

Carbothermal Reduction

" Fig. 1.  Flow chart for synthesis of metal carbide from solution-based precursors




The next solution processing step is to. hydrolyze the métal—organic pfecursor through tﬁe addition
of water. Hydrolysis is required to initiate condensation reactions which, in turn, lead to the build-up of
sol species with three-dimensional structure. (The latter dévelopment is important in- order to obtaih a
* reasonable ceramic yield upon subsequent pyfolytic decomposition.) The extent of the hydrolysis/
~ condensation reactions depends on the water concentration and solution pH. The latter variables caﬁ be
used to alter the size and chemical composition (i.e., metal/oxygen/carbon content) of the sol s.pecies (and
the powder product that is subsequently obtained).

After the hydrdlysis/condensation step, the solvent is evaporated and a dried powder product is
obtained. This is followed by sequential heat treatments to (i) pyrolytically decompose the dried product
and thereby form a nano-scale carbon/metal oxide mixture and (ii) férm the metal carbide by

carbothermal reduction reactions.

3.1.2 Zirconium Carbide (ZrC)

The starting Zr-containing material was a zirconium n-propoxide/n-propanol solution Gi.e.,
76 wt% Zr(OC3Hy), in n-propanol, Alfa Aesar, Ward Hill, MA). The zirconium n-propoxide was mixed
with "acacH" (i.e., 2,4-pentanedione, Alfa Aesar, Ward Hill, MA) using molar ratios in the range of
0.25-0.33. (Ethanol was used as a mutual diluent.) The resulting solutions were refluxed at temperatures
in the range of 130-195°C for 2 h. ‘ After refluxing, much of the solvent was evaporated (to remove
residual propanol and residual "acacH") and then ethanol was added back to the sol (ethanol/Zr molar
ratios in the range of ~100-200). The refluxed Zr-containing precursors were partially hydrolyzed (at
50°C for 2 h) using acidic conditions (HNOs/Zr molar ratios in the range of 0.04-0.27) and an H,O/Zr
molar ratio of 24. Glycerol (C3HgOs, Fisher Scientific, Fair Lawn, NJ) or phenol-formaldehyde resin
("novolac” type, Georgia Pacific, Atlanta, GA) were added to some solutions to: increase the C/Zr ratio in
the powders used for carbothermal reduction. Glycerol additions were made directly to'reﬂuxed solutions

(i.e., prior to hydrolysis) using glycerol/Zr molar ratios in the range of 0.17-0.63. In contrast, phenolic




resin was added to hydrolyzed solutions as an ethanol-based solutibn at a 1:1 molar ratio of C:Zr.
Hydrolyzed solutions were initially concentrated by rotary evaporation and then dried to powders at 120°C
@h). | |

The dried powders were subsequently pyrolyzed at temperatures in the range of 800-1100°C
(1-2 h) in a flowing argon. atmosphere to produce carbon/zirconia mixtures. The C/Zr ratios in some of
the pyrolyzed (1100°C, 1 h) samples were determined from weight losses that occurred upon further heat
treatment (1100°C, 1 h) in air (i.e., in order to remove carbon by oxidative combustion). Sample weighi
losses during argon pyrolysis and oxidative combustion were also monitored in-situ using thermal
gravimetric analysis, TGA (Model STA 409, Netzsch, Exton, PA). Pyrolyzed powders were
subsequently heat treated at temperatures in the range of 1200-1800°C (2 h) in ﬂowing argon. Selected
heat-treated samples were characterized for weight loss, phase deve]épment, chemical composition, and
crystallite size.

| X-ray diffraction, XRD (Model PW1800, Philips Analytical, Netherlands), was used to determine
the phases present and the ZrC lattice parameters in selected powder samples. In addition, ZrC and ZrO,
crysfallite sizes were calculated from the broadening of the XRD peaks using the Scherrer équation.[zs]'
Selected pyrolyzed and carbothermally-reduced powders were analyzed for carbon and/or oxyéen content
based on analysis of the CO, evolution during oxidative combustion (Sherry Laboratories, Muncie, IN;
LECO Corp., St. Joseph, MI).

The sintering behavior was evaluated using a ZrC-based pbwder prepared by carbothermal
reduction at 1475°C. The powder was milled for 10 minutes to break up aggregates using a Spex milli
(Model 8000, Spex Certiprep, Metuchen, NJ). The milled powder was mixed with approximately
10 vol% organic binder (polyvinyl alcohol/polyethylene glycol mixture) and dry pressed at ~250 MPa
using a steel die with a cylindrical cavity. The binder was removed By heat treatment at 1150°C (1 h in
argon). All samples. were initially "pre-sintered” at 1600°C (2 h in argon) and then subsequently sintered

at temperatures in the range of 1725-1950°C (2 h in argon). The bulk densities of the samples were
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deterrrﬁned based on the weight and geometric dimensions of the cylinder-shaped samples. In addition,
the bulk density and open porosity were determined for some samples using the Archimedes displacement
method with distilled water as the suspending liquid. Relative (percentage) densities were calculated using

a solid ("true") density value that was determined from the XRD lattice parameter measurement.

3.1.3 Hafnium Carbide (HfC)

The starting material for HfC synthesis was hafnium tetra-chloride (HfCl,, Alfa AESAR, Ward
Hill, MA). This was used to synthesize hafnium tetra-isopropoxide, Hf(OC;H7), followipg procedures
in the literature.[29,30] The hafnium isopropoxide was mixed with a large excéss of "acacH" (i.e., Hf
propoxide/"acacH“ molar ratios in the range of 0.020 - 0.033) with reagent-grade (Fisher Scientific,
Suwanee, GA) propanol/benzene solutions as a mutual diluent. Mixed solutions were refluxed at
temperatures in the range of 145-155°C for 4 h. After refluxing, most of the solvent was evaporated (to
remove residual "acacH," propanol, and benzene) and then ethanol was édded .back to the sols
(ethanol/Hf molar ratios in the range of 400-500). The Hf-containing precursors were then hydrolyzéd at
45°C (1-h) under acid conditions using an H,O/Hf molar ratio of 16 and HNO3/Hf molar ratios in the
raﬁge of 0.18 - 1.54). It should be noted that a sécondary sol_uble carbon source was not added to any of
metal-organic solutions, either prior to or after the hydrolysis/condensation step. Solutions were then
given the various heat treatment steps (i.e., solvent evaporation/drying, pyrolysis, _and carbothermal
reduction) in the same manner as described for the ZrC synthesis.

The syﬂthesized prpducts were characterized using the same methods described earlier. In
_ addition, some Hf-based solutions and powders were cﬁaracterized by Fourier transform infrared
spectroscopy, FTIR (Model Nexus 870, Nicolet Instrument Corp., Madison WI). An as-synthesized
hafnium propoxide solution was concentrated (~84 wt% propoxide s@lution) and subsequently loaded
(under inert atmosphere) into a KBr liquid cell for FTIR analysis. A sample refluxed with "acacH" was

concentrated (~4 wt% solution) and subsequently deposited onto a porous KBr powder compact.
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Vacuum was then appliéd to the solution-infiltrated compact to remove most of the solvent prior to FTIR
analysis. An Hf-based powder produced after the hydrolysis, concentration, and drying steps was mixed
with KBr bbwdér aﬁd pressed into a compact for the FTIR analysis. (The two samples prepared with KBr
powder had exbosure to the ambient air atmosphere, so some adsorbed moisture’ was present in the

compacts.)

3.2 Silicon Carbide (SiC)

The starting materials used to produce the fine-scale silica/carbon mixtures for the carbothermal
reduction reaction were tetraethoxysilane (TEOS, [Si(OC,Hs),], Alfa Aesar, Ward Hill, MA) and a
phenol-formaldehyde resin ("novolac" type, Georgia Pacific, Aﬁanta, GA). Ethanol was used as a mutual
solvent. The processing conditions were selected to promote nanometer-scale mixing: (i) The ﬁhenolic
resin was comprised of low-mo]eqular-weight oligomers (M, <2000). (ii) The TEOS was processed
using acidic conditions (HNOs/TEOS molar ratio of 0.01) and relatively low water content (H,O/TEOS
molar ratio of ~2). These gondiﬁons are known to produce ﬁolysilicate species with fine size (~5 nm or
less).[31] : : A )

| Mixed TEOS/phenolic resin solutions were initially heated .at 65°C for 1-5 hr. Sols were then
slowly concentrated at ~35-55°C by rotary evaporation. The sol viscosity continually increased as the
liquid was evaporated and eventually an immobile gel was formed. Gels were vacuum dried at low
temperature ( ~40-70°C) for at least 36 h to ensure removal of all solveﬁt and to i)roduce a poroﬁs, brittle
material. The dried material was gently crushed and ground uSing an agate mortar and pestle. The
’ ground material was sie;/ed (140 mesh size) to produce a free-flowing powder with relatively coarse size.
The sieved powder was pyrolyzed at 1100°C (24 h) in a flowing argon atmoéphere. This resulted in the
removal of volatile decomposition products/from ﬂle precursor materials and the development of fine-
scaie silica/carbon mixtures. The p'yrolyzed.samples were then heat treated in the range 6f 1160-1495°C

in flowing argon in order to carry out the carbothermal reduction reaction to produce SiC. The weight
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losses resulting from these heat treatments Qere recorded. The samples used to investigate the
carbothermal reduction reaction had initial C/Si molar ratios (i.e., after pyrolysis) of 2.4 and 4.6.

Powder samples were characterized by X-ray diffraction, XRD (Model PW1800, Philips |
Analyﬁca], Netherlands) to determine the phases present after heat treatment. The SiC crystallite sizes
were calculated from the broadening of the XRD peaks using the Scherrer equafio_n.[28] The gas
adsorption/condensation method (Model "ASAP 2000, Micr‘omeritics, Norcross, GA) was used to
determine the powder porosity characteristics. The carbon contents for pyrolyzed and carbothermally-
reduced powders were determined from analysis of the evolved gas from oxidative combustion (Sherry
Laboratofies, Muncié, IN). Energy dispersive X-ray spectroscopy, EDX (Model 3600-03.98, Kevex X-
ray, Foster, CA) was used for semi-quantitative elemental analysis of deposits that were formed on

substrates located downstream from the powder reaction mixtures.
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4.0 RESULTS AND DISCUSSION

4.1 Zirconium Carbide (ZrC)
An idealized reaction to produce stoichiometric ZrC by carbothermal reduction (CTR) involves
reacting carbon and zirconia in a 3:1 molar ratio:
3C + ZiOrg = ZiC + 2CO0 9 ‘ )
In this study, powders with different C/ZrO, ratios were prepared by varying the solution synthesis
conditions. For example, Fig. 2 shows that C/Zr molar ratios in pyrolyzed samples (1100°C, 1 h) were
varied in the range of ~1.6 to ~2.4 by changing the HNOy/Zr molar ratio (from 0.12 to 0.42,
respectively) during solution synthesis. (In these experiments, the Zr propoxide/"acacH" molar ratio used
in the refluxing step (at 195°C) was 0.33 and the H,O/Zr ratio used in the hydrolysis/condensation step
was 24.) Samples with higher C/Zr molar ratios were produced using solutions with glycerol or phenolic
resin additions. Fig. 3 shows that samples with C/Zr molar ratios in the range of ~2.4 to ~3.5 were
prepared by using glycerol/Zr molar ratios in the range of 0 to 0.63, respecﬁveiy, during solution
synthesis. (The HNO;/Zr molar ratio was 0.27 and the T'acacH".and water concentrations were the same
as used for the samples in Fig. 2.) Figure 4 shows a typical TGA plot of residual weight vs. temperature
for a solution—dér'ived powder (dried at 120°C, 2h) which was heated (in argon) to 1100°C and held at
temperature for 1 h. (The sample was pfepared using molar ratios of 0.25 for Zr propoxide/"acacH,"
0.04 for HNOs/Zr, and 24 for H,O/Zr. Phenolic resin was added at a C/Zr molar ratio of 1.0.) Figure 4
- shows that pyrolytic decomposition of the mixed precursor was mostly completed by ~550°C, aithough
small weight losses were observed throughout the rest of the heat treatment. (There was also a small
weight loss of ~0.4% observed during the 1 h hold at 1100°C.)
. Figure 5 shbws X-fay diffraction (XRD) results for as-dried (120°C) and heat treated samples
(2 h at 800-1400°C m argon) prepared from theA same powder that was used for the TGA experiment in

Fig. 4. The as-dried powder was amorphous. The XRD pattern for a sample pyrolyzed at 800°C (2 h)
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shows weak and broad diffraction.peaks that are due to tetragonal zirconia (t-ZrO,). The carbon present
in the sample remained amorphous. The only significant change in the XRD pattern for a sample heat
treated at 1100°C (2 h) is that the t-ZrO, peaks increased in intensity. |

The initial formation of ZrC was observed in the sample that was heat treated at 1200°C (Fig. 5).
The XRD pattern for this sample also shows that some t-ZrO, had transformed to monoclinic ZrO, (m-
Zr0O,). ZrC became the predominant phase after heat treatment at 1300°C, although a substantial amount
of m-ZrO, and t-ZrO, were still present. Z1C was the only crystalline phase observed in the samples heat
treated at 1400°C (Fig. 5) and at higher temperatures (not shown in Fig. 5). Howeve;, characterizatioﬁ
results described below (i.e.,. measurements of weight loss, carbon and oxygen contents, aﬁd lattice
parameter) show that the 1400°C sample was not phase-pure stoichiometric ZrC. Instead, the sample
consisted of "zirconium oxycarbide" (i.e., ZrC with some oxygen dissolved in the lattice) and some
residual amofphous carbon.

‘ Table 1 shows the carbon and oxygen contents for samples prepared from the same powder used
in the TGA and XRD experiments (Figs. 4 and 5). A sample pyrolyzed at 1025°C (2 h) had a carbon
content éf '23.3 wt%. (This is equivalent to a C/Zr molar ratio of 3.1, i.e, assuming that the pyrolyzed
material contained only ZrO, and C.) Table 1 also shows that subsequent heat treatment at 1475°C (_2 h)
produced a sample with 13.4 wt% carbon. This carbon content is greater than the value of 11.6 wt% that
would be expected if the sample was phase-pure stoichiometric er.€. Hence, it is apparent that the sample
. retained some fre¢ carbon (XRD-amorphous) after the heét treatment. Furthermoré, the sample also
contained 3.3 wt% oxygen. Since ZrO, is not observed in XRD patterns for samples heat treated at or
above 1400°C, it is evident that the oxygen present in the sample was dissolved in the zirconium carbide
lattice. |

Table 1 also shows that further heat treatment at 1800°C 2 h) p%oduced a éample with carbon
concentration (11.3 wt%) equivalent to that of stoichiometric ZrC (i.e., within experimental error of the

measurement). In addition, the oxygen content was reduced to a very low level (0.1 wt%). The decrease
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Table 1. Chemical Analysis and Lattice Parameter Values of ZrC Powders

Processing . Carbon Oxygen | Lattice

Temperature ("C) Concentration (wt%) Concentration (wt%) Parameter (nm)
1025 23.3 ' n.d. n.d.
1300 ' nd. nd. 0.4694
1400 n.d. n.d. - 0.4691
1475 v 134 3.3 ' 0.4691

1800 11.3 : 0.1 0.4696
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in carbon and oxygen contents for the 1800°C sample is consistent with weight loss beﬁavior that was
observed (see Fig. 6) when 800°C-pyrolyzed powder was heat treated at temperatures in the rahge of 900-
1800°C for 2 h. Figure 6 shows that thefe was still a significant weight loss upon heat treatment above
1400°C, even though samples heat treated at (or above) this temperature showed no residual ZrO, in the
XRD patterns (Fig. 5). In combination, the weight loss (Fig. 6) and the decrease in carbon and oxygen
contents (Table 1) upon heat treatment to 1800°C cﬁn be explained by a carbothermal reduction reaction
in which the reactants were zirconium oxycarbide and free carbon:
Zt0yCpray  + XC g = ZIC 5 + yCO | | @)
~ The present study is consistent with previous studies which have shown that there is considerable
solid solubility of ZrO, m ZrC.[10,32-34] The ZrC (face-centered cubic) lattice parameter decreases with
increasing amount 6f dissolved oxygen.[10,32-34] Table 1 shows the ZrC lattice parameters for samples
prepared in this sfudy. The lattice parameter was 0.4694 nm for the 1300°C sample. The value
decreased to 0.4691 nm for the ZrC in the 1400°C and 1475°C samples. This indicates that either some
zirconia dissolved in the ZrC lattice as the heat treatment temperature was increased (from 1300°C to
1475°C) or that direct formation of an oxycarbide composition (instead of stoichiometric ZrC) was more
favorable at the higher reaction temperatures (i.e., at 1400°C and 1475°C). With further heat treatment at
1800°C, the ZrC lattice parameter increased to 0.4696 nm. This result is again consistent with the
reéction shown in equation (2) in that the lattice‘para‘meter increased to a value that is expected' for near-
stoichiometriq ZrC.[32-34]

Figure 7 shows the avefage crystallite sizes (determined by XRD measurements on the same
samples shown in Fig. 5) for each phase (ZrC, t-ZrO,, and m-ZrO,) as a function of heat treatment
temperature. The t-ZrO, crystallites remain relatively small (<20 nm) in the pyrolyzed samples (800—
1100°C). Raf)id crystallite growth begins with the onset of the carbothermal reduction .reaction
above1100°C. The crystallite sizes for both the t-ZrO, and m-ZrO, phases increased from ~30-45 nm at
1200°C to ~110-130 nm at 1350°C. The ZrC crystallites also increased from ~40 nm in the early stages
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of the feaction (1200°C sample) to ~120 nm in the 1400°C sample (which contained no ZrO, second
phase). The close correspondence in crystallite size growth for the ZrC and two ZrO, phases is consisfent
with certain éspects of the reaction mechanism suggested by Maitre et al.[34] in a carbothermal reduction
study carried out using mixtures of ZrO, and C powdérs. In particular, they proposed that the
transformation proceeded by the "contracting volume” mechanism in which growth of ZrO,C, proceeds
from the surface to the interior of the ZrO, particles.

The densification behavior was investigated using a powder which had a slightly carbon-deficient
composition (relative to stoichiometric ZrC) after sintéring. The powder was prepared using molar ratios
of 0.33 for Zr propoxide/"acacH,"” 0.27 for HNOs/Zr, and 24 for HO/Zr. The "acacH" refluxing
temperature was 195°C. Phenolic resin was added at a C/Zr molar ratio of 1.0. The heat treatment
conditions for pyrolysis and carbothermal reduction were 800°C (2 h) and 1475°C (2 h), respectively.
The reacted powder was milled for 10 min prior fo dry pressing. The XRD pattern for this powder
showed ZrC as the only crystalline phase. The crystallite size determined by XRD line broadening
measurements was ~ 100 nm. The powder surface area was 17 m?/g. (This surface area is equivalent to
a particle size of 57 nm if the particles were noh—contacting, non-porous, rﬁonosized spheres with true
solid density of 6.6 g/cm’.) Dry-pressed powder compacts had a relative "green" density of ~44% after
pyrolysis of the organic binder at 1150°C (2 h). (The powder density used for the relative density
calculation was 6.6 g/cm’.)

Figure 8 shows a plot of the sample bulk density vs. sintering temperature. The bulk densities
reported in this figure were calculated from the sample weight and géometric dimensions. Tﬁe bulk
density and open porosity wefe also determined by the Archimedes displacement method for th¢ samples
sintered at 1900°C and 1950°C. The bulk density measurements for the two methods gave similar values;
‘the values for the geometric vs. Archimedes measurements.were 6.50 vs. 6.53 glen?, respectively', for
the 1900°C samples and 6.53 vs. 6.54 g/cm’, respectively, for the 1950°C samples. The 1900 and
1950°C samples both showed zero open porosity from the Archimedes measurement method.
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Figure 8 also shows a plot of the relative density vs. sintering temperature for the samples. The
relative densities were ~92%, ~98%, and ~99% for the samples sintered at 1800°C, 1900°C, and
1950°C, respectively. The relative densities for all the sintered (1600-1950°C) samples were calculated by
assuming that the solid true density was 6.62 g/cm’. The latter value was based on using the lattice
parameter measured on a powder sample which had been heat treated at 1900°C (2 h) and by assuming
that the sintered samples were 100% stc;ichiometric ZrC. I'nA fact, samples sintered at the lower
temperatures probably still had some dissolved oxygen in the ZrC lattice. (Some free carbon may have
been present also.) In addition, the samples sinte;ed at the higher temperatures were somewhat deficient
in carbon relative to stoichiomej:ric ZrC. The carbon contents measured on bowder samples heat treated
at 1800°C (2 h) and 1900°C (2 h) were 11.0 and 10.8 wt%, respectively. Hence, the solid true densities
for the samples probably varied with sintéring temperature (from 1600 to 1950°C). Nevertheless, the
values are not expected to be significantly different frpm the assumed value of 6.62 g/cm’.

The maximum sintered densities obtained in this study were equal to or higher than the values
" reported in previous studies of ZrC sintering. In addition, the sintering temperatures (1‘900-1950°C) were
lower. Nezhevenko et al., Bulychev et al., and Lanin et al. reported pressureless sintering of ZrC to
maximum relative densities of 97-98% uSing tempérafures in the range of 2400-2600°C.[35-37] Barnier et
al.[38] also reportéd maximum relative densities of ~97% and ~98% by hot pressing at 2000°C .(2

h) and 2300°C (1 h), respectively, with an applied pressure of 40 MPa.

4.2 ‘Hafnium Carbide (HfC)

Figure 9 shows FTIR spectra for (a) concentrated (~84 wt%A) hafnium propcA)xide‘solution’,
(b) dried sample prepared after refluxing the hafnium propoxidé solution with excess "acacH," and (c)
dried powder prepared after hydrolysis of the "acacH"-refluxed solution. The spectrum for the hafnium
propoxide is in good agreement with results reported by Lynch et al.[39] (The. latter researchers produced

hafnium propoxide by the same method used in the present study, i.e., by reacting HfCl, with
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Fig. 9. FTIR spectra for (a) concentrated hafnium propoxide solution, (b) dried sample
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dried powder prepared after hydrolysis of the acac-refluxed solution.
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isopropanol.) Figure 9(a) contains some additional peaks (i.e., besides those associated with hafnium
propoxide) due to the solvent components in the concentrafed solution (i.e., benzene and isopropanol).
Figure 9(b) shows the spectrum for a solution which was prepared by refluxing the hafnium propoxide
solution at 155°C (4 h) with a large excess of "acacH" (i.e., molar ratio of 1:50). The propoxide was
éonverted almost completely to hafnium 2,4 pentanedionate (i.e., "hafnium acac"). This is indicated by
the close agreement of the spectral results shown in Fig. 9(b) with results reported by previous
researchers [40,41] and by measurements (not showp in Fig. 9) that were carried out using a commercial
source of "hafnium acac" (Strem Chemicals, Newburyport, MA).

vAs noted earlier, metal diketonates are usually more resistant to hydrolysis compared to the
corresponding metal alkoxide. This provides an advantage in subsequent processing because it allows for -
better control over the C/Hf ratio that is subseqhenﬂy obtained after the high temperature heat treatments.
Fig. 9(c) shows the FTIR spectrum for the powder produced after hydrolysis, concentration, and drying
of the "hafnium acac” solution. (The solution was prepared using molar ratios of H,O/Hf = 16 and |
HNOs/Hf = 1.4, respectively.) Hydrolysis of the "hafnium acac" precursor is indicai:ed by the large,
broad peak for the OH stretching vibration over the range of ~2700-3700 ém". It is evident,
howe\}er, that an extensive Hf-chelate structure is still present in the as-dried powder. For example, the
strong symmetric and asymmetric stretching vibrations (at ~1595 cm™ and ~ 1530 cm’, respectively)
from C=0 and C=C bonds in th-e chelate ring are still the most intense peaks in the spectra. Figure 9(c)
also shows peak broadening has occurred in the hydrolyzed sample (e.g., in the ranges ~400-800 cm"
and ~1200-1800 cm™) which presumably reflects the development of a more cbmpléx and disordéred
structure (i.e., compared to the "Hf acac"). Hydrolysis (and subsequent condensation) reactions result in
partial replacement of Hf-O-C bonds (from the "Hf éCac" structure) with Hf-OH bonds and Hf-O-Hf
bonds. (The substantially amorphous character of this niaterial was confirmed by XRD analysis on a
similar dried powder.)

It was possible to prodice heat-treated powders (pyrolyzed and carbothermally-redﬁced) with a
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wide range of C/Hf ratios by using the fully chelated "Hf acac" compound as the starting material .for the
hydrolysis/condensation. The composition was varied by changing the acid and/or water concentrations
used in the hydrolysis/condensation step. For example, Figure 10 shows the effect of acid concentration
(i.e., HNOs/Hf molar ratio) on the C/Hf molar ratio in pyrolyzed samples. (For these samples
the Hf propoxide/"acacH" molar ratio used for refluxing (at 155°C) was 0.02 and the H,O/Hf ratio used
for hydrolysis/condensation was 16.) Figure 10 shows that pyrolyzed powders can be produced with a
C/HfO, molar ratio of 3, i.e., the composition needed to produce stoichiometric HfC ny carﬁothermal
reduction. Note that this ratio was obtained without using a secondary source of soluble carbon (i.e., in
contrast to the method used to produce the near-stoichiometric ZrC). Hence, near-stoichiometric HfC can
‘be produced by using a "single-source" solution-based precursor.

Figure 11 shows TGA results for an as-dried (120°C) precursor which was heated (in flowing -
argon) to 1100°C and held at temperature for 1 h. (The sample was prepared using molar .ratios of 0.02
for Hf propoxide/"acacH," 1.4 for HNO%/Hf, and 16 for H,O/Hf.) Pyrolytic decomposition of the dried
precursor powder was mostly completed (~28 wt% loss) by ~600°C. A gradual weight loss of ~1.5
wt% occurred between 600-900°C and a more rapid weight loss of ~1.5 wt% occurred between 900-
1025°C. Tﬂe decomposition proéesse‘s were essenti‘ally completed by 1050°C; there was no weight loss
above this temperature (including during thé 1 h hold at 1100°C). The product was a bléck powdel;. Heat
treatment of this powder in air at 900°C for 1 h produced a white powder with a yield of 84.9%. (X-ray
diffraction (XRD) analysis on a separate, but similar, sample showed that the oxidized product was
monoclinic hafnium dioxide, m-HfO,.) Thus, the original 1100°C-pyrolyzed product contained 15.1%
carbon and a C/HfO, molar ratio of 3.1 (i.e., assuming that the pyrolyzed material contained only HfO,
and C). Hencé, the material was slightly carbon-rich compared to the ideal C/Hf molar ratio of 3 for
producing stoichiometric HfC by a éarbothermal reduction reaction analogous to the one shown in éq. (1)
for ZrC.

Figure 12 shows XRD results for samples heaf treated (in argon) in the range of 800-1600°C for -
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sample was the tetragonal phase. Figure 12 shows that the t-HfO, became better crystallized after héat
treatment at 1100°C. (Once again, it is difficult to rule out definitively the orthorhombic HfO, phas¢
becaﬁse of peak broadening.) The formation of some monoclinic hafnium oxide (m-HfO,) was also
obsérved in the 1100°C sample. In addition, the sample appeared to contain a trace of HfC (face-centered

cubic).[46] It is difficult to be certain about the trace presence of HfC because the broad peaks from the

HfO, phases would overlap with any weak HfC peaks that might be present. However, the XRD pattern
for the 1100°C sample shows évery slight shoulder at the 26 value (~33.4 degrees) for the most intense

4 réﬂectioﬁ for HfC (i.e., the (111) peak). Figure 12 shows that the peak intensities for the HfOé phases

increased upon further heat treatment at 1200°C, especially for the monoclinic phase. The presence of a
smalllamount of HfC is now clearly evident in the XRD pattern for this sample. The m-HfO, peak
intensities continued to increase significantly in the 1300°C sample, while only a small amount of t-HfO,

phase remained in the sample. The HfC peaks also increased in intensity significantly, although m-HfO,

remained the primary crystalline phase. The phase development observed from 800°C to 1300°C in this -
study can be contrasted to the results réported by Kurokawa et al.[18] for samples heat treated in the rangé

of 1000°C-1300°C. The XRD patterns for all their samples showed a single HfO, phase, with relatively

broad diffraction peaks, that was very similar to the phase idéntiﬁed as t-HfO, in Fig. 12. The

mbnoclinic phase was not obsewed at any heat treatment temperature in their study. In addition, only a

trace of HfC was evident in their XRD pattern for a sample heat treated at 1300°C.

Figure 12 shows that a sample heat treated at 1400°C (2 h) gonsisted mostly of HfC. The amount
of m-HfO, was reduced substantially compared to the 1300°C sample and no t-HfO, was present. The
Hfé peak intensities continued to increase for a sample heat treated at 1475°C and only a tracé of m-HfO,
was detected in the sample. HfC was the only crystalline phase detected in samples heat treated for 2 h at
1600°C (Fig. 12) .and at 1800°C (XRD pattern not shown in Fig. 12). Although the 1475°C sample had
only a small amount of HfO,, several experimental observations indica-ted that the qarbbthermal reduction

reaction still continued to a significant extent at the higher heat treatment temperatures, i.e., just as was

Lo
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observed with the ZrC-based samples. First, there was significant weight 1§ss at heat treatment
temperatures above 1475°C. For example, the wéight loss lipon heat treatment from 1100°C to 1475°C
was 17.6%, while the weight loss was 23.3% for heat treatment from 1100°C to 1800°C. (The latter
Qalue is close to the expected weight ioss of 22.7% for the ideal ﬁfC carbothermal reduction reaction.)
Second, the overall carbon concentration for the 1475°C sample was 8.3 wt%. This value is sigﬁiﬁcantly
greater thén the value of 6.3 wt% that would be expected if the sample was phase-pure stoichiometric
HfC. Hence, it is apparent that the 1475°C sample retained some free carbon (XRD-amorphous) after the
heat treatment. Third, a different sample (but with- similar overall composition) was heat treated at
1500°C for 2 h and the measured oxygen content was 1.6 Wt%. Essentially all of this oxygen must have
been dissolved in the HfC lattice because HfO, was not observed at ail in the XRD pattern for this
sample. (This result is consistent with previous studies that ilave shown that there is considerable solid -
solubility of HfO, in HfC.[2,471) Fourth, upon heat treatment at 1800°C, the overall carbon concentration
decreased from 8.3 wt% for the 1475°C sample to 6.7 wt% for the 1800°C sample. Hence, the continued
| weight loss above 1475°C can be explained by the same type of carbothermal reduction reaction shown in
eq. (2) in which "hafnium oxycarbide," (i.e., HfC with some oxygen dissolved in the iattice) reacts withk
excess carbon. |
Figure 13 shows plots of the averag_e’ crystallite sizes (determined by XRD measurements) for
each phase (t-HfO,, m-HfO,, and HfC) as a function of heat treatment temperature. The t-HfO, '
crystallites that formed initially in the 800°C sample were only ~2.5 nm. The t-Hbz crystallite size
increased gradually to ~15 nm as the heat treatment temperature increaséd to 1300°C. The m-HfO,
c;ystallites were initially ~17 nm in the 1100°C sample and the size increased rapidly to ‘~75_ nm in thé
1400°C safnple. This coincides with the period during which most of the carbothermal reduction reaction
occurs. The HfC crystallites coarsen more graduaily, increasing from ~ 18 nm in the early stages of the
reaction (1200°C sample)i to ~34 nm in the 1400°C sample and ~49 nm in the 1475°C sample. (It was
not possiblé to measure an HfC crystallite size for the 1100°C sample because only a trace of HfC was
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ments) vs. heat treatment temperature
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sur@sed to be present based on a slight shoulder at 26 = 334 degrees.) The HfC crystallite size
increased to an estimated size of ~200 nm in the sample heat treated at 1800°C.

The HfC lattice parameter measured for the 1800°C sample was 0.4638 nm which indicates that
the cdmposition was near-stoichiometric. (The measured lattice parameter matches tﬁe value listed in
reference 46. It is also close to values reported for near-stoichiometric HfC by other investigators,
although it should be noted that a fairly wide range of values have been reported.[2]) The carbon content
measured for the 1800°C sample (6.7 wt%) remained slightly above the value (6.3 wt%) for
‘ stoichiometric HfC.‘ However, it was noted earlier that the starting composition (determined for an
1100°C-pyrolyzed sample) was slightly carbon-rich compared to the ideal composition for the r_eaction
analogous to the one shoWn in eq. (1) for ZrC. Hence, it is reasonable that a small amount of residual

carbon would remain in the sample after the carbothermal reduction reaction was completed.

4.3 Silicon Carbide (SiC)

The initial carbothermal reduction experiments were carried out using the 1100°C-pyrolyzed
silica/carbon precursor with C/Si molar ratio of 2.4. Figure 14 shows X-ray diffraction (XRD) patterns
for the as-pyrolyzed sample and for ;amples which were héat treated at 1300°C‘ for the indicated times.
The as-pyrolyzed sample was XRD-émorphous.

The amount of B-SiC increased as the heat treatment time at 1300°C increased. Weight loss |
measurements (discussed below) showed that the carbothermal reduction reaction was ~99% completed
after the 16 h heat treatment at 1300°C. The low reaction temperature was indicative of the fine scale of
mixing of the carbon and silica reactants.

The overall carbothermal reduction reaction is given by: A

3Ce + Si0e = SiCe + 2COg 3)
There is evidence from previous carbothermal reduction studies that SiC is broduce_d by a mult.i-step

process involving intermediate reactions which generate silicon monoxide (SiO) vapor, transport of the
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SiO vabor to the carbon phase, a;nd subsequent reaction at the carbon surface to form the SiC.[20-23]
Reaction (3) can be broken into the following elementary steps:
| Cey + SiOp = SiOg + CO 4)
2C + Si0g = SiCi + CO o)
In the present study, experiments indicated that SiO volatilization occurred from the earliest stage of the
reaction. An alumina substrate was placed downstream from an 1100°C-pyrolyzed silica/carbon reaction
mixture and the mixture was subsequently heat treated for 8 h at 1160°C. Figilre 15 shows the results 'éf
EDX elemental analysis of the substrate surface before and after the heat treatment. ‘The Si/Al weight
percent ratio was 0.02 for the initial substrate and then increased to 160 for the heat-treated substrate.
(The Au peaks in the spectra in Fig. 15 are from sputtered coatings that were deposited so that the
substrates would be conductive for SEM observations.)

The extent of the overall reaction given by eq. (3) may be followed by monitoring the sample
weight loss, the amount of CO gas evolved, and/or the amount of SiC formed. In this study, the reaction
kinetics were determined from measurements of both weight loss and amount of SiC forrhed. (The SiC
content was determined by quantitative X-ray diffraction, QXRD.)

Figure 16 shows plots of fractional weight loss vs. time for samples (with initial C/Si molar ratio
of 2.4) that were heat treated at four different temperatures in the range of 1160-1300°C. The fractionai
weight loss, F, is given by: |

F = ‘Wt.r ! Winax ©6)
where W.r was the observed weight loss for a given tirﬁe/temperature conditidn and Wmax was the
maximum weight loss obtained by carbothermal reduction of the 1100°C-pyrolyzéd sample. (The latter
value was determined by a heat ‘tkreating sample at 1495°C for 2 h.) As noted earlier‘, the reaction is
nearly completed after heat treatment for 16 h at only 1300°C.

The SiC yield for the ideal éarbothermal reduction reaction shown in eq. (3) (in which the C/Si

molar ratio is 3) would be 41.7 wt% if the reaction went to completion. (The weight percentage yield is
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defined as the weight of SiC product formed divided by the weight of the reactants (3C +
Si0,).) Howevef, the starting composition for the samples in Fig. 16 was silica-rich (i.e., C/Si molar
ratio = 2.4) compared to that shown in eq. (3). Hence, a SiC yield of 36.0 wt% would be expected if the
following assumptions were made: (i) All the carbon reacted to form SiC according to the reaction
stoichiometry indicated in eq. (1) and (ii) all the "excess" SiO; in the reactant mixture was eliminated
(i-e., via SiO volatilization) without reacting with 'any of the SiC product that formed as the reaction
‘ proceeded. The actual product yield observed after éomplete reaction in this study was only 33' wt%. In
addition, carbon analysis indicated that the final product contained ~98 wt% SiC and ~2 wt% "free"
(unreacted) carbon, so the_SiC yield was ~32.3 wt%. The lower yield indicates that <some Si0 vapor was
swept away from the reaction mixture before panicipAtmg in the SiC-forming reaction (eq. (5)) and that
assumption (ii) was not valid (i.e., some of the "excess" silica was eliminated by reacting with SiC
product that formed during the reaétion).
Although several previous studies indicate that carbothermal reduction synthesis of SiC occurs via -
reaction of SiO vapor with carboh, there is no consensus on the specific reaction mechanism. For
example, consider the contrasting results obtained in studies by Weimer et al.[22) and Ono and
Kurachi.[25) Weimer et al. studied carbothermal reducﬁon using mixtures of fine carbon and silica
particles and observed that the réaction kinetics fit the "shrinking core" (or "contracting volume") model.
They concluded that rate-controlling step was the reaction to form SiC at carbon surfaces (i.e., eq. (5)).
Ono and Kurachi studied carbothermal reduction using sol-gel samples prepared from ethyl
silicate/pheﬁolic resin solutions and observed that the reaction kinetics fit the Avrami-Erofe'ev nucleation
and growth model. They concluded that the reaction rate was controlled by diffusion of carbon to
growing SiC c:ystaliites. In the present study, the weight'loss data in Fig. 14 showed the best fit to the
reaction—c_ontrolled' "shrinking core” model, as expressed by the following equatioﬁ: |
1-1-X)® = kt a
where X is the extgnt of reaction (i.e., fractional conversion to SiC in this case), t is the reaction time,
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and k is the rate constant. Figure 17 shows that there is a good fit to equation (7) for almost of the entire
range of the reaction.

As noted earlier, quantitative XRD was also used to determine the extent of reaction based on the
amount of SiC formed. The results obtained by this method were very similar to those shown in Figs. 16
and 17; Figure 18 shows that the fractional conversion to SiC, determined by QXRD, fits equation (7)
well.

The shrinking-core model also appears to be consistent with changes observed in certain structural
characteristics (i.e., pore volume and crystallite §ize) of the reac_tibn product' formed by the carbothermal
reduction reaction. The liOO°C—pyrolyzed starting material was in the form of relatively coarse particles

(<140 mesh) which consisted of a fine-scale amorphbus silica/carbon mixture. Gas adsorption
measurements showed that these coarse particles had very little internal po'rosity (i.e., <0.002 g_/cm3). If
the "shrinking core" model is applicable to the SiC carbothermal reduction reaction, then the SiC product
would initially form at the surface and the reaction interface would progressively "sweep" ﬁough to the
interior of the coarse particles. However, vapor phase transport is required for the reaction shown in
equation (5) to proceed, i.e., SiO vapor must migrate to carbon surfaces and CO vapor must migrate
away from the reaction product. Hence, the product must have porosity in order for the reaction to
continue to progress from the surface to the interior of the particles. Pore formation was indeed- observed
in the present study, as shown in Fig. 19. The total specific pore volume (determined by gas adsorption/
condensation) increases from an initial value <0.002 cm’/g to a maximum value of ~0.82'cm3/g when
the fractional weight loss reaches a value of ~0.96. The formation of porosity is attributed primarily to
the removal of the silica phase from the starting carbon/silica fnixtufe, i.e., via the volgtilization reaction
shown by eq. (4). The specific pore volume increases as silica is consumed (and as the carbothermal
reduction reaction proceeds toward completion). In contrast, the SiC-forming reactién shown in eq. (5)
should not have much effect on the amount of porosity formed because the solid reactant (2 moles of C)

and solid product (1 mole of SiC) have similar volume. (It is necessary to know the true (solid) density
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values for the carbon and SiC in order to calculate the volume change. These are not known with
precision in the present case because the carbon is amorphous and the B-SiC is weakly crystalline.
However, reasonable estimates are 1.9-2.1 g/cm® and 3.15-3.21 g/cm’® for amorphous carbon and
nanocrystalline B-SiC, respectively.[48,49] These .values' lead to relatively small volumetric changes, in t!hé
range of +11.3% to -1.3%, for the reaction given by eq. (5).)

Figure 19 shows that the porosity decreases sharply during the late stages of the reaction. This
observation suggests that some sintering (densification) of the porous SiC product is occurring. Solid-
state diffusion in SiC is inhibited when significant amounts of excess ("free") carbon are present. In the
latc-_: stages of the carbothermal reduction reaction, enough carbon apparently has been removed from
localized regions of the sample to permit densification and grain coarsening processes to proceed.

Figure 20 shows the average SiC crystallite size (determined by XRD peak broadening
measurements) as a function of the fractional weight loss. Crystallite sizes are not reported for fractional
weight loss values below ~0.25 because the XRD peak intensities were too weak to collect reliable data.
The average crystallite size showed relatively little change throughout mést of the carbothermal reduction
reaction; This observation is consistent with the "shrinking core” model in that a uniform product is
expected to develop as the reaction "sweeps” through from the surface to the interior regions of the
silica/carbon mixture. In the late stages of the reaction, a significant increase in average crystallite size
was observed. This increase cpincides precisely with the decrease in specific pore volume observed in
Fig. 19. As noted earlier, these effects are attributed to enhanced solid-state diffusioh resulting from the
removal of free carbon from many localized regions of the samples. Despite the grain coarsening that
oécurs in samples with high degree of conversion (Fig. 20), the average SiC crystallite size sﬁil remains
less than 25 nm after nearly complete reaction at 1300°C ( 16 b).

- The carbothermal reduction reaction kinetics were also investigated f'or 1100°C-pyro]yied
samples prepared with a C/Si molar ratio of 4.6 (i.e., a large excess of carbon compared to the C/Si

molar ratio of 3 in eq. (3)). Kinetic data were collected over the temperature range of 1160-1250°C. The
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results were similar to those m Figs. 16-18 for samples with C/Si molar ratio of 2.4 in that the data
showed an excellent fit to the "shrinking core" reaction model (i.e., eq. (7)). Figure 21 shows plots of
the logarithm of the rate constants (obtained from weight‘lo.ss data using eq.(7)) vs. inverse temperature
for the samples with the two different compositions. The activation energy values wefe 414 kJ/mol and
389 kJ/mol for the samples with C/Si molar ratios of 2.4 and 4.6, respectivély. (These values are very
similar to those reported in the studies by Weimer et al. [22] and Ono and Kurachi.[25]) -Since samples for
both compositions showed reaction kinetics that fit eq. (7) well and also gave very similar activation
energy values, it is likely that the reaction mechanism was independent of the C/Si ratio in the initial
mixtures. - |

Figure 21 also shows that the samples with the higher C/Si ratio had significantly larger rate
constants (i.e., approximately three times larger) over the common temperature range of 1160-1250°C.
The higher reaction rate is attributed to the larger amount of carbon surface area (per ﬁnit sample volume)
available for the reaction (i.e., eq', (5)). This explanation is consistent with the proposed "shrinking-core"
reaction mechanism m which the rate is controlled by the chem_ical reaction (eq. (5)) .at the carbon

“surfaces. (A higher reaction rate would be expected with higher carbon specific surface area.)
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5.0 CONCLUSIONS

5.1 Zirconium Carbide (ZrC) and Hafnium Carbide (HfC)

Zirconium garbide (ZrC) and hafnium carbide (HfC), powders were produced by carbothermal
. reduction reactions using fine-scale carbon/metal oxide mixtures as the starting materials. The reactant

mixtures were prepared by pyrolytic decomposition of solution-derived precuréors. The latter precursors

| were synthesized via hydrolysis/condensation of metal-organic compounds. The first step in the solution
. process involved refluxing a metal alkoxide with 2,4 pentanedione ("acacH") in order to partially or fully
convert the metal alkoxy groups to a chelated metal diketonate structure ("metal acac"). This was
followed by the addition of water (under acidic conditions) in order to promote hydrolysis/condensation
reactions. Precursors with variable carbon/metal ratios Qere produced by varying the concentrations of
the solution reactants (i.e., the metal alkoxide, "acacH," water, and acid concentrations). In the Hf-based
» system, "single-source” preéursors could be synthesized which yielded powders with C/HfO, molar ratios
"~ 3.1 after pyrolysis. (This C/HfO, ratio 'was used to produce near-stoichiometric HfC after
carbothermal reduction, i.e., according to the Hf-based reaction analogous to eq. (1).) In the Zr-based
system, it was necessary to add a secondary soluble carbon source (i.e., phenolic resin or glycerol) during
solution processing in order to obtain a C/ZrO, molar ratio ~ 3.1 in the pyroiyzed powders. |

The phase development during carbothermal reduction was investigated using pyrolyzed pbwders
with carbon/metal oxide molar ratio ~ 3.1. The pyrolyzed powder; initially consisted of ﬁne-sbale
mixtures V0f the tetragonal phase of the metal oxide (ZrO, or HfO,) and amorphous carbon. The
tetragonal phase »transformed' to thé monoclinic phase during heat treatment at or above IIQO°C. The
initial formation of tﬁe metal carbide (ZrC or HfC) was clearly evident after heat treatment at 1200°C and
the reaction was substantially completed after heat treatfnents in the range of ~1400-1500°C. HfC and
ZrC crystallite sizes (determined by XRD line broadening) were ~50 nm and ~ 100-130 nm,

respectively, for powders produced at 1475°C.. However, weight loss measurements and analyses of the
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carbon and oxygen contents showed that ﬂleée samples consisted of metal carbide with some oxygen
dissolved in.the lattice and some residual free carbon. Heat treatment at higher temperatures (_> 1600°C)
was required to produce near-stoichiometric metal carbides with low oxygen content.

ZrC powders with ~100 nm crystallite size were dry-pressed to form "green" compacts with
~44% relative density. The compacts were sintered at temperatures in the range of ‘1‘600-1950°C 2 h).
Samples sintered at 1900°C and 1950°C had relative densities of ~98 and ~99%, respectively, and zero

open porosity.

- 5.2 Silicon Carbide (SiC)

Solution-based processing was used to produce fine-scale carbon/silica mixtures. These. mixtures
were used for low-temperature carbothermal reduction bsynthesis of nanocrystalline SiC powders.
Reactant mixtures with C/Si molar ratio of 2.4 were transformed almost completely to SiC with average '
crystallite size <25 nm by heat treatment at 1300°C for 16 h.

The carbothermal reduction reaction mechanism was investigated by (i) analyzing Vapor—deposited
product formed downstream from the reaction mixture and (ii) measuring the weight loss, amount of SiC -
formed, specific pore volume, and SiC crystallite size for the reacted samplés. The resulte were
consistent with a reaction mechanism in which silicon monoxide (SiO) vapdr reacted at the carbon
surfaces to form SiC. The reaction kinetics fit a "shrinking core" model in which the interfacial reaction
~ was the rate-controlling step. Higher reaction rates were observed for samples prepared with higher C/Si
“ratio. This was attributed to the higher specific surface area of carbon in the samples and was consistent

with the conclusion that the rate was controlled by the SiC-forming reaction at the carbon surfaces.
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